I. INTRODUCTION

U
P until now, most of the researches on three-dimensional (3-D) urban data acquisition have been devoted to the analysis of aerial imageries. However, an often presence of occlusions, abrupt changes of depth and elevation in urban area, low ground resolution of aerial photo prevent full automation and achieving necessary accuracy for these methods. On the other hand, with the development of automobile navigation system, 3-D geographic information system (GIS), and applications using virtual and augmented reality, there is a growing demand for complete and accurate 3-D urban database, which cannot be met by aerial techniques. Hence automated acquisition methods using ground-based (e.g., vehicle-borne) sensors are attracting more and more attention.
In general, there are two kinds of techniques for measuring 3-D geometrical data. One is based on intensity image. Another is based on range data. Several researches using CCD/video cameras have demonstrated that 3-D information can be extracted using motion (e.g., [15] ) and stereoscopic (e.g., [6] [10], [11] ) techniques. Whereas, the difficulties in reliable stereo matching, distortion from limited resolution and unstable geometry of CCD cameras are the major obstacles to acquire 3-D data of complicated environment with necessary accuracy and robustness. On the other hand, range sensors have been exploited in the reconstruction of small objects such as teeth, bust, mechanical parts, etc.
[1]- [3] , [8] , [18] for decades. Recently, with the development of eye-safe laser range scanner, reconstructing relatively large objects in urban environment using range data becomes technically feasible. Several stationary systems have been developed for measuring real scene using eye-safe laser range scanners. Sequeira et al. [17] and El-Hakim et al. [4] developed systems on reconstructing large indoor environment. Stamos and Allen [19] , Zhao and Shibasaki, [21] , [22] generate 3-D model of urban outdoor objects. In these systems, multi-row laser range scanners are mounted on stationary platforms, where a rectangular array of range points is obtained at each viewpoint. Objects are measured from a number of viewpoints to reduce occlusions, where location and direction of viewpoints are unknown. Range data obtained in different viewpoints are registered by extracting common geometrical features among them, and subsequently integrated into a global coordinate system. There are several drawbacks of stationary systems. First, efficiency in data acquisition is poor. Since successive range frames have to keep a degree of overlay, so that location and direction of viewpoints can be estimated by registering range data, duplicated measurements are overwhelming. Secondly, planning for viewpoints and directions in data acquisition becomes difficult when measuring large and complicated scenes, since a balance between the degree of overlay and the number of viewpoints has to be decided according to both target objects and registration method. Thirdly, there is still no registration method that could succeed in automatically registering range data of all kinds. When the number of range frames increase, registration with good accuracy and efficiency becomes a difficult task. Updating stationary systems to mobile ones for measuring 3-D data of large real scene is very important.
Highly accurate positioning is one of the major issues that have to be discussed when mounting laser range scanners on a mobile platform. Many research efforts have been contributed on this topic. A number of research groups from computer vision community tracks camera positions through image matching, e.g., [13] , [23] , [24] . However the methods may lack robustness in the survey of real urban scene. On the other hand, a number of systems for mobile mapping purpose are developed by integrating global positioning system (GPS) and inertial navigation system (INS), e.g., [5] , [7] , [14] , [20] . In these systems, the INS system, which outputs velocity and attitude, is implemented to update positioning data when GPS signal is not available, a common problem in the urban areas. There are two major drawbacks limiting the widespread acceptance of this kind of sensor systems for positioning. First, positioning accuracy of the existing mobile mapping systems are still in an order of several meters, which does not meet the requirement of many applications, e.g., 3-D modeling. Secondly, sensor and development cost is too high for an ordinary user.
In this research, we propose a novel prototype for measuring 3-D data of large urban scene using a pair of vehicle-borne laser range scanners, where laser range scanners not only work for measuring geometric data, but also serve as a positioning sensor.
II. OUTLINE OF THE RESEARCH
The laser range scanner, LD-A, produced by IBEO Lasertechnik is exploited in this research. LD-A is a single-row laser range scanner. In each scanning (a range profile), 1080 omni-directional range points are equally measured in 270 degrees, leaving 90 degrees of blind area due to hardware configuration. LD-A has a profiling rate of 10 Hz, meaning that ten range profiles or 10 800 range points per second. It has a maximal range distance of 100 meter, and a range error of 3 cm. A pair of LD-A is mounted on the roof of a vehicle as shown in Fig. 1 , so that one is doing horizontal profiling, while another is doing vertical profiling. The pair of LD-A is synchronized using an odometer. For data measurement, the triggers are shot at every 25 cm as the vehicle wheel moves ahead. A horizontal and a vertical range profile of the surroundings are captured by LD-As following each trigger. Fig. 2 is an example of a horizontal range profile.
Assuming that the ground surface is smooth and flat, the freedom of vehicle motion is reduced from six to three by only considering the motion in horizontal plane. Three parameters in vehicle motion are calculated. They are two translation parameters and a horizontal rotation angle . Since one of the LD-As generates horizontal range profiles every 25 cm as the vehicle move ahead, there is a strong overlap between successive horizontal range profiles. By registering horizontal range profiles, vehicle trajectory as well as a two-dimensional (2-D) map of the surroundings with respect to a global coordinate system (e.g., that of the first horizontal range profile) can be generated. On the other hand, according to the physical parameters between the coordinate systems of two LD-As (suppose they are calibrated previously), vertical range profiles can be aligned to the coordinate system of horizontal LD-A, and subsequently to the global coordinate system to make up 3-D data.
Therefore in this system 3-D measurement of large urban scene is accomplished by combinative exploiting two single-row laser range scanners, where horizontal profiling serves for navigation purpose, vertical profiling measures object geometry and finally yields a 3-D representation. Redundancy in the 3-D data that are obtained is minimized, while efficiency in data measurement is improved. In the following sections, we will first focus on methods for registering horizontal range profiles, then examine the prototype through an experiment, where the vehicle runs a course of about 0.6 km, and 2412 laser range profiles are measured. Vehicle trajectory extracted by registering horizontal range profiles are compared with the output of a GPS/INS/Odometer based positioning system, while the 2-D map by aligning horizontal range profiles are matched with a 1:500 digital map to examine the efficiency and accuracy of the method. Finally 3-D data constructed by integrating vertical range profile according to the vehicle trajectory extracted in registering horizontal range profile is presented.
III. REGISTRATION OF HORIZONTAL RANGE PROFILES
A number of methods have been proposed by previous studies for the registration of range images [1] , [3] , [8] , [9] , [12] , [21] , [22] . In this research, registration of horizontal range profiles (in this section referred to as "range profile") consists of two processes, sequential registration, and multiple registration. In sequential registration, inter-frame transformations between the coordinate system of successive range profiles are estimated, and all range profiles are aligned to a global coordinate system in a sequential mode. However through this process, estimation errors in inter-frame transformations are accumuted and propagated. When vehicle trajectory crosses at some points (e.g., intersections), unmatches among conjunctive profiles are obvious. Therefor in the next step, multiple registration, conjunctive profiles are automatically detected, and errors that accumulated in conjunctive profiles are distributed to other inter-frame motions, while the matching between range profiles is maintained. In this research, the following transformation matrix is exploited.
A. Sequential Registration
Suppose a global coordinate system is defined by that of the first range profile , and all range profiles have been aligned to the global coordinate system by the transformation matrixes
. Whenever a new range profile is introduced, it can be aligned to the global coordinate system as follows. First pair-wisely match with its previous range profile to find a that transforming to the coordinate system of . Secondly, align to the global coordinate system by . Whereas obtained using the above method might be erroneous for the following reasons. First, a single range profile in urban outdoor environment might be heavily affected by passing cars, pedestrians, window glasses and trees, subsequently cause high noise. Secondly, spatial resolution of range points is low, especially when the object is far from the sensor, so that ambiguities might be caused in pair-wise matching. In this research, instead of matching with one previous range profile, is matched with frames of previous range profiles, and a transformation matrix is calculated as a weighted average of sequential registration results. Here, is a pre-specified value, which is assigned according to the distance and average overlapping ratio between successive range profiles.
1) Cost Function:
Let be a transformation from to the coordinate system of . The matching cost is calculated as follows. Treating range point as a point cloud with a radius , an arbitrary horizontal plane in the coordinate system of is tessellated with a grid size of and range points are projected onto the horizontal plane. is a pre-specified value, where in this research, cm is assigned according to the average spatial resolution of the range points. Each grid of the horizontal plane might have two values. If no range point is projected onto the grid cell, the grid value is assigned to 0. On the other hand, if one or more range points are projected onto the grid cell, the grid value is assigned to 1. Let and represent the grid value of projecting only and projecting both and onto the horizontal plane, respectively. The matching cost between and using is calculated as follows.
(
Where and are the number of rows and lines of the tessellated horizontal plane.
is the number of range points in each range profile, while in this research, is a constant. represents the overlapping ratio between and . A larger , a stronger and more reliable matching between and . Thus, is also a measure of matching reliability using . Sequential registration is to find a number of s that maximizing the cost between s and s. 2) Searching for Matching: Two complimentary methods are exploited to find an inter-frame transformation between neighboring range profiles and . Line segments based matching is conducted in a similar way with those proposed in [22] , where inter-frame transformation between the coordinate system of two range profiles is estimated using the corresponding line segments that are automatically detected by examining the geometric relations between them. An example of registering a pair of range profiles is shown in Fig. 3 . As the inter-frame vehicle motion is 25 cm with a limited change of direction, allowable values of inter-frame transformation parameters can be threshold to a rather narrow range. In the case that the transformation parameters obtained in line segment based matching cannot meet the pre-defined thresholds, a hill-climbing matching is conducted to find a that maximizing between and in an iterative way. In this case, initial value of is set to , where and has been calculated in previous steps. Pair-wisely matching with frames of previous range profiles using the above method, inter-frame transformations are obtained transforming to the coordinate system of with the reliabilities , respectively. Suppose have been aligned to the global coordinate system using with the reliabilities in previous steps.
are transformation matrixes, by each are aligned to the global coordinate system with reliabilities . The global transformation matrix of is calculated as follows. 
In addition, the inter-frame transformation between successive range profiles and is recalculated by . Reliability measure is assigned by the cost of matching with using . Subsequently, the global transformation matrix can be represented as the sequential alignment of inter-frame transformation , which is consistent with the most traditional formulae. A comparison of sequential registering 461 range profiles by pair-wisely matching with one and with previous range profiles is shown in Fig. 4 . Fig. 5 shows a motivational example of measuring an object using a closed network of range profiles , where and are conjunctive ones. Suppose all range images are to be aligned to the coordinate system of sequentially. A conflicting situation might happen between and as follows.
B. Multiple Registration
can be sequentially aligned to the coordinate system of by . On the other hand, a can be estimated by pair-wisely matching with . In practice, is always not equal to (called "conflicting situation") due to the accumulation of estimation error in the inter-frame transformations . In this research, although a weighted average of sequential registrations with previous range profiles are calculated to reduce the estimation error in inter-frame transformations, "conflicting situation" might still happen when the vehicle trajectory crossed after a long trip. In this research, multiple registration aims at mitigating the conflicting situations while maintaining the inter-frame matching between range profiles. It consists of two steps, detecting conjunctive profiles and distributing the accumulated error to other inter-frame transformations. For the sake of maintaining the inter-frame matching between range profiles, inter-frame transformation matrixes is adjusted instead of the global transformation matrixes . 1) Detecting Conjunctive Profiles: Conjunctive profiles are detected using the vehicle trajectory obtained in sequential registration. Tessellating an arbitrary horizontal plane in the global coordinate system with a grid size of , where is a pre-specified value defining the maximum allowable distance between the sensor's positions of two conjunctive range profiles. Vehicle trajectory points, sensor's positions of integrated range profiles, are projected onto the horizontal plane. Each grid cell records only the trajectory points of different neighborhoods. Pre-specifying a value , neighborhood is defined as the proceeding and successive range profiles. Whenever a new trajectory points is projected onto the grid cell, if there is a trajectory point of the same neighborhood exists in the grid cell, the one that is closer to the center of the grid cell is selected, the other is rejected. After projecting all trajectory points onto the tessellated horizontal plane, examine all the grid cells. For the grid cells that have more than one trajectory points, all the range profiles in the neighborhood of one trajectory points are pair-wisely matched with that of other trajectory points in an exhaustive way, among which, the range profile pair yielding a transformation of the highest reliability is selected as conjunctive ones.
2) Cost Function: Let be a set recording all successive and conjunctive range profile pairs.
is the set of inter-frame transformations serving as the ground truth in multiple registration. If and are conjunctive range profiles, is assigned by the result in pair-wise matching. If and are successive ones, is assigned by , where and are obtained in sequential registration. is the set of inter-frame transformations, which are first initialized by , then adjusted to minimize the distance to . As has been addressed before, transformation matrix and are represented by three parameters and respectively, cost of multiple matching with respective to is defined as follows. Where evaluates the distance between and . is the reliability of .
is the grid value by projecting the integrated range profiles to a tessellated horizontal plane in global coordinate system as has been addressed in previous section. and sever as weights for different contributions of the components, which are defined using training values.
3) Searching for Matching: Searching for multiple matching is conducted in an iterative way. In each iteration, a pair of range profiles, and is selected, which has the largest . Suppose and are aligned to the global coordinate system using the sequence of , for any , adjustment to is calculated as (7), shown at the bottom of the page.
A normalized adjustment is adapted to , and only the ones that reducing the cost are accepted. Iterations continued until can never be minimized any more.
IV. EXPERIMENTS AND DISCUSSIONS
An experiment is conducted with the help of Asia Air Survey (AAS) Co. Ltd. A mobile mapping system has been developed by AAS, where the core unit of the measurement vehicle (GeoMaster) is a GPS/INS/Odometer based positioning system, named Hybrid Inertial Surveying System (HISS) [20] . Positioning accuracy of HISS is in the order of 1 m. We installed two LD-As (laser range scanner) on the roof of GeoMaster, and let them do horizontal and vertical profiling respectively (see Fig. 6 ). In this experiment, the measurement vehicle ran a course of about 0.6 km, where measurement vehicle starts and stops at almost the same location (see Fig. 7 ). There are two reasons for this. First, it is easier for us to examine the positioning error in sequentially registering range if otherwise (7) profiles. Secondly, it is easier for us to examine the efficiency in mitigating error accumulation in sequential alignment when the vehicle trace is conjunct at several points. Measurement vehicle ran at a speed of 10 km/h for the sake of keeping necessary inter-frame overlay to achieve a robust registration, and minimizing vibration in the platform of LD-As to obtain stable range measurements. In the experiment, 2412 horizontal and vertical range profiles are obtained. Meantime HISS outputs vehicle location and attitude at each trigger for the purpose of comparing the positioning accuracy of two methods. We first register horizontal range profiles to the coordinate system of the first horizontal range profile to trace vehicle trajectory, meantime obtain a 2-D map of the surroundings. We transform the vehicle trajectory obtained by registering horizontal range profiles to HISS outputs using a least squared error estimation. We compare the residuals between two trajectories to examine the positioning accuracy of our method. In addition, a 1:500 digital map of the testing site is introduced. We match the 2-D map of integrated horizontal range profiles with the 1:500 digital map to examine the accuracy and efficiency in registration. It is assumed that the geometrical parameters between the coordinate system of two LD-As exactly follow the specification in hardware alignment. According to the parameters, we finally align vertical range profiles to the coordinate system of the horizontal one and subsequently to the global coordinate system to make up a 3-D representation of the surroundings. The 1:500 digital map of the testing site as well as vehicle trajectory obtained by HISS is shown in Fig. 8 . It can be found that although the measurement vehicle moves smoothly, there are some jumps in HISS output, which are mainly caused by erroneous GPS signals.
In sequential registration of 2412 horizontal range profiles, a vehicle trajectory with respect to the coordinate system of the first horizontal range profile is extracted as shown in Fig. 9 . An obvious inconsistency can be found in the model of integrated horizontal range profiles, which is near to the vehicle start and stop position. Also vehicle trajectory obtained by sequential registration is not a closed loop, although we have let the vehicle stop at the start point. Reason for this is the accumulation of estimation error in inter-frame transformations. In order to evaluate the error accumulation, we pair-wisely match the first horizontal range profile with the last one and believe the resulted inter-frame transformation is the most reliable one of all available measures. We calculate the residual with that obtained in sequential registration. An error of 3.045 degree in horizontal rotation angle, and 5.847 meter in horizontal translation is found through the above comparison.
In multiple registration of 2410 horizontal range profiles, we first automatically find the conjunctive range profiles by examining the measurement range of range profiles based on the result of sequential registration. We then pair-wisely match the conjunctive profiles and compare the result with that obtained in sequential registration to find the accumulated errors. We distribute the accumulated error equally to the inter-frame motions in the sequence. As the result, an integrated model of horizontal range profiles is obtained and shown in Fig. 10 . It can be found that the inconsistencies in the model of Fig. 9 are mitigated, and vehicle trajectory that extracted become a closed loop. A least squared error transformation is conducted from the trajectory obtained in registering horizontal range profiles to the one of HISS output (in world coordinate system) (see Fig. 11 ). Comparing two trajectories, it can be found that the vehicle trajectory that extracted by registering horizontal range profiles is more smooth and has less jumping than that obtained by HISS Fig. 13 . Perspective views of the 3-D data generated using HISS output. measurement. At this stage, residuals between two vehicle trajectories are calculated. Mean of the residuals is 1.02 m. Meantime, the integrated data of horizontal range profiles is transformed to the world coordinate system according to the above least squared error transformation, and a nice matching between range profiles and 1:500 digital map can be found in Fig. 12 , which proves the reliability of both registration and the vehicle trajectory that extracted.
In order to examine the efficiency in 3-D data acquisition, vertical range profiles are integrated on both the result in registration of horizontal range profiles and HISS outputs respectively as shown in Figs. 13 and 14. In Fig. 13 , it can be found that due to erroneous positioning output of HISS, some of the planar walls are distorted as curved ones, some part of the model have a lot of small jumps. On the other hand, the 3-D data constructed by registering horizontal range profiles has more consistency as seen in Fig. 14 , and walls and edges are represented more clearly. For a better understanding of the final result, a piece of range data containing 500 vertical range profiles (area "A" in Fig. 14) are picked out and colored through a classification procedure. Classification of range profiles will be addressed in a different paper. A close view of the range data is shown in Fig. 15 as well as a real picture of the testing site. Although there are little distortions, especially in vertical direction, it can be found that not only buildings and roads, but also trees are modeled with high reliability.
V. CONCLUSION
In this research, a prototype of measuring 3-D urban scene using vehicle-borne laser range scanners is proposed. Two single-row laser range scanners are mounted on the roof of a vehicle, doing horizontal and vertical profiling respectively. High accurate positioning is obtained by registering horizontal range profiles. 3-D reconstruction is accomplished by aligning vertical range profiles to the coordinate system of horizontal one and subsequentlly to a global coordinate system. Through an outdoor experiment, it is demonstrated that 3-D urban data can be measured with rather high accuracy and efficiency by combinative exploiting two vehicle-borne laser range scanning. In future studies, a GPS is to be integrated with the laser range scanners, so that altitude value of vehicle trajectory as well as range data can be interpolated using the GPS updates. On the other hand, a method of generating surface model of urban outdoor objects is to be developed using the integrated range profiles.
